] i ). At the same time ATP evoked an early inward current that was followed by an outward component, reflecting a sustained Ca 2; -dependent reduction of the pre-stimulus offset current. These responses were maintained when Ca 2; was removed from the extracellular medium (0 [Ca ] o ), indicating a contribution to Ca 2; signalling from P2Y metabotropic receptors. UV photolysis of caged inositol 1,4,5-triphosphate (InsP 3 , 16 M) produced Ca 2; responses similar to those evoked by exogenous ATP, accompanied by reduction of the offset current. In Deiters' cells uncoupled by octanol (1 mM), ATP activated only the early inward current, suggesting that functional gap junctions are required in the late phase of the current responses. Following the delivery of UV flashes to pairs of Deiters' cells loaded with caged InsP 3 , the electrical coupling ratio (CR), monitored by double patch-clamp recordings, was strongly attenuated. These data support the idea that, by promoting inflow of cations and by controlling gap-junction conductance in a Ca 2; -and InsP 3 -dependent way, ATP might serve a protective role in the cochlea.
INTRODUCTION
Extracellular ATP can affect cellular functions in a variety of tissues [1] . In the cochlea, perfusion of ATP has been shown to suppress both cochlear microphonic and endocochlear potential [2] . Consistent with these findings, immunolabelling against P2 purinergic receptors has been observed in cochlear tissues obtained from adult guinea pigs, suggesting that ATP might exert a humoral role [3] . Furthermore, electrophysiological and imaging investigations conducted on sensory and supporting cells acutely isolated from the cochlea have shown that both ionotropic and metabotropic P2 receptors are present in the organ of Corti [4, 5] . Recently, we have functionally localized P2X and P2Y receptors at the apical pole of the outer hair cells, providing evidence for an ATP-activated intracellular Ca 2+ -release cascade linked to an InsP 3 -gated intracellular store located at the base of the hair bundle [6] .
Supporting cells in the organ of Corti possess gap junctions [7] and are electrically and dye coupled [8] , forming a syncitium that provides the basis for electrical and metabolic cell-to-cell communication. Gap junction communication in these cells is affected by the [Ca 2+ ] i [9, 10] which, in the cochlea, is in turn altered by extracellular application of nucleotides [4, 6, 11, 12] . Here we report the Ca 2+ signals as well as the membrane conductance changes of Deiters' cells evoked by purinergic stimulation in a preparation of the isolated guinea pig cochlea that preserves the structural integrity of the cellular matrix within the organ of Corti.
MATERIALS AND METHODS

Cell preparation
The preparation and methods of recording in the intact adult organ of Corti have been described previously [13, 14] . Adult guinea pigs (200-400 g) were anaesthetized with chloroform and decapitated. The temporal bones were placed in modified Leibowitz cell culture medium (L-15) 
Patch-clamp recordings and drug delivery
Conventional whole-cell patch-clamp recordings were made under visual control after mounting the recording chamber on a microscope stage. Three parallel rows of Deiters' cells, extending all along the cochlear duct, are found in the organ of Corti. Cells in the third row are encountered first while proceeding from the outer to the inner side of the organ along a radial direction. To gain access to third row Deiters' cells at the apex of the guinea pig cochlea (fourth turn), a cut was made through the overlying layer of Hensen's cells with a suction pipette, after first locally applying collagenase type I (2.5 mg/ml) under pressure from a pipette. Cells were maintained at room temperature (24-26°C). List EPC-7 patch-clamp amplifiers (Heka) were used to drive pipettes that had been pulled on a vertical puller (PP-83, Narishige) from 2.0 mm o.d. borosilicate glass (Clark Electromedical). Current and voltage were sampled at rates between 6 and 50 kHz using a standard laboratory interface (1401Plus, Cambridge Electronic Design) controlled by customized software. Pipettes were filled with an intracellular solution containing (in mM): KCl, 150; MgCl 2 , 2.0; Na 2 HPO 4 , 8.0; NaH 2 PO 4 , 1.0; EGTA, 0.5 mM; adjusted to pH 7.3 with KOH and brought to 320 mOsm/L with D-glucose. For fluorescence imaging, the intracellular solution was supplemented with the cellimpermeant form of the Ca 2+ -selective fluorescent dye Oregon Green 488 BAPTA-1 (100 M; Molecular Probes). The pipette resistance was typically 5 Megohms (M⍀) when measured in the bath. No correction was applied to the data for liquid-junction potentials (estimated not to exceed 9 4 mV). ATP was pressure applied through a patch pipette using a gated PicoPump (PV800, World Precision Instruments).
Ca 2; ; fluorescence imaging
Fluorescence imaging of intracellular Ca 2+ was performed as described previously [15] . Briefly, a narrow range of excitation wavelengths were selected around the absorption maximum (494 nm) of Oregon green 488 BAPTA-1. Fluorescence emission was collected with an infinity-corrected water-immersion objective ( 60, N.A. 0.90; LUMPlanFI, Olympus) and selected at 535 nm using a second filter set (XF23, Omega Optical). Fluorescence images were formed on a fast (15 MHz readout rate) CCD sensor (IA-D1, DALSA, Ontario, Canada) that was cooled by a peltier device (Marlow Industries). The sensor's output was digitised at 12 bit/pixel by customised electronics to produce 128 128 pixel images that were recorded in real time to the RAM of a host PC. The typical inter-frame interval for these recordings was 16 ms. Results are expressed as mean <SE.
RESULTS
ATP-activated currents of Deiters' cells uncoupled by octanol
Deiters' cells were electrically uncoupled by supplementing the extracellular medium with octanol (1 mM) that blocks gap junctions in this preparation [14] . In these conditions, brief (50 ms) focal applications of ATP (100 M), repeated at 5 min intervals, evoked transient inward currents (Fig. 1 , left ) whose amplitude was insensitive to changes in the position of the puff pipette along the cell body ( Fig. 1, right ) . Results similar to those displayed in Figure 1 were obtained in 4/4 cells tested.
To investigate the type of purinoceptors present on Deiters' cells, pyridoxalphosphate-6-azophenyl-2Ј,4Ј-disulfonic acid (PPADS, 30 M), a selective antagonist to P2 purinoceptors [16] , was added to the superfusate. In two cells, responses to 30 M ATP were tested and found before introduction of PPADS. Within 5 min, both current and Ca 2+ responses to ATP were completely suppressed (data not shown). Cells did not recover for up to 40 min. These results are consistent with P2X 2 receptor immunofluorescence imaging which indicates expression of ATPgated ion channels on the surface of Deiters' cells, extending from the cell body to the phalangeal process of cells in the third (outermost) row [3] . Cells in the remaining rows show more confined immunolabelling patterns [3] suggesting that their responses to ATP might differ from those reported here, particularly for application of ATP confined to the endolymphatic pole. However, due to the fragility of the Deiters' cell matrix in situ, we were unable to test this hypothesis directly.
When ATP was applied for several seconds at 4 min intervals, a progressive reduction of the ATP-evoked current was noted. Receptor desensitization increased with increasing duration of the application. What determined the radical difference in the responses 1, 2 and 3 ( Fig. 2A) is that only those receptors that had recovered from desensitization contributed to the subsequent response. However, the ATP-evoked current did not desensitize within the first 3 s of the first ATP application ( Fig. 2A,  trace 1 ). This permitted us to study the voltage-dependence of the ATP-evoked currents by applying voltage ramps from 9118 mV to +50 mV before and during application of ATP (50 M, 3 s, Fig. 2B ). The I-V relationships constructed in this way reversed near 0 mV and displayed inward rectification (Fig. 2C) . Results similar to those shown in panel A were obtained in 3/3 cells whereas those in panels B, C were reproduced in 7/7 cells.
Effect of ATP on membrane conductance and intracellular Ca 2; ; of Deiters' cells coupled to the syncitium
Application of ATP (100 M, 50 ms) in octanol-free medium evoked whole-cell current responses (Fig. 3A , bottom) that consisted of the early and transient inward phase due to activation of P2X ionotropic receptors followed by a delayed and sustained component whose direction was outward relative to the pre-stimulus baseline current. For simplicity, although inappropriately, this second component will be temporarily referred to as an outward current. In 10/10 octanol-treated cells, one of which is shown in Figure 3A (top), the outward current was never observed, suggesting that gap junctions in the open state were required for its generation. Washing out octanol restored the outward current and increased the offset current due to an increased syncitium conductance. Repeated applications of ATP in octanol-free medium produced a progressive reduction of the offset current associated with development of the outward current (Fig. 3B) . A contribution from ionic conductances to this current is unlikely, as outward K ; currents, the only ionic currents found in Deiters' cells, have been shown to depend solely on voltage (which was kept constant in these experiments) for their activation [17] . Therefore, the simplest explanation for the results shown in Figure 3 is that the ATP-dependent outward current merely reflects a reduction of the offset current due to increased resistance of the syncitium formed by Deiters' cells.
To study the effect of ATP on intracellular Ca 2; , selected Deiters' cells in the syncitium were loaded with the cell-impermeant form of the fluorescent Ca 2+ indicator Oregon Green 488 BAPTA-1 (100 M). Application of ATP (100 M, 2-3 s) evoked the expected sequence of currents responses (Fig. 4A, top) accompanied by a rise of the Ca 2+ fluorescence signal that spread throughout the cell body (Fig. 4A, bottom) . As shown in the frame sequence of Figure 4B , when ATP was delivered to a selected portion of the cell (in this case, the phalangeal process) a concentration gradient formed initially within 
Effect of InsP 3 on intracellular Ca 2; ; and electrical coupling
To establish direct evidence for a second-messenger signalling pathway in Deiters' cells, we loaded the cell cytoplasm with caged InsP 3 (16 M) through the patch pipette. Representative responses evoked by the photolysis of this membrane impermeant compound by a 1-ms UV flash (wavelength 300-400 nm) are shown in Figure 6 . The InsP 3 -evoked current (top) was monophasic, resembling the sustained reduction of the pre-stimulus offset current produced by ATP in octanol-free medium (compare Fig. 3 and Fig. 5, top) . Following flash delivery, Ca 2+ fluorescence increased rapidly throughout the cytoplasm (Fig. 6A, bottom) , equilibrating within 9.7<1.2 s (n:3). The frame montage in Fig. 6B highlights the distributed nature of the fluorescence change evoked by InsP 3 . Consistent with anatomical reports that a network of endoplasmic reticulum (ER) canaliculi (termed canalicular reticulum) is present in Deiters' cells [18] , these results suggest that Ca 2+ might be released diffusely in ] i [19] . To assess and quantify electrical coupling between Deiters' cells in the organ of Corti, pairs of cells were patch-clamped and maintained under current clamp near their zero-current potential (Fig. 7A) . The voltage responses evoked by injecting current into one cell (conventionally defined as cell 1) were recorded simultaneously from both cells and the average of 10 to 20 such responses was computed off line. In response to depolarizing current-step stimuli (Fig. 7B, top) , the voltage of cell 1 was found to rise to a steady-state value, increasing by V 1 , while the voltage of cell 2 reached a lower steady state value, increasing by V 2 with similar time course (middle). From these parameters, the cell coupling ratio was computed as CR: V 2 / V 1 . We monitored CR before (middle) and after (bottom) UV flash photolysis of intracellular caged InsP 3 (16 M) . CR was found to decrease after flash delivery, indicating an InsP 3 -and Ca 2+ -dependent modulation of gap junction permeability. Similar results were obtained from two other cell pairs. Taken together these data indicate that the permeability of gap junctions connecting adjacent Deiters' cells is modulated by [Ca 2+ ] i changes due to release of Ca 2+ from InsP 3 -gated intracellular stores.
DISCUSSION
The organ of Corti is a polarized epithelium whose upper surface separates endolymph, an unusual extracellular fluid rich in K ; , from perilymph, which communicates with cerebrospinal fluid. Cochlear supporting cells, Deiters' and Hensen's cells, are an integral part of the epithelium and have been proposed to take an active part in protection against trauma during exposure to highintensity sound [20] . Both cell types receive direct innervation [21, 22] , suggesting that they may participate also in a neural feed-back control loop.
In our experiments we found functional evidence for a uniform distribution of P2X receptors (Fig. 1 ) in Deiter's cells, consistent with immunohistochemical studies conducted in whole-mount preparations and in radial sections of the whole cochlea [3, 23] . This suggests that ATP may exert its action on Deiters' cells through two parallel and distinct pathways. One pathway, humoral in nature, targets the endolymphatic face of the cell phalangeal processes and is effected by release of ATP in scala media observed with increasing sound levels [24] . The other pathway targets the perilymphatic surface of the cells as ATP is likely to be co-packaged with transmitter substances and released during neurotransmission within the organ of Corti [3] . Moreover, it has been proposed that the extracellular concentration of ATP increases after tissue injury [4] and that ATP release in a Ca 2; dependent manner occurs from cochlear tissues [25] . Purinergic activation of highly Ca 2; permeable ionotropic P2X receptors [26] on Deiters' cells may thus contribute to the homeostasis of this cation within the narrow spaces of Nuel that separate adjacent rows of outer hair cells. Desensitization properties (Fig. 2) and sensitivity to PPADS of these receptors are consistent with the pharmacological profile of the P2X 2-2 splice variant [5, 27] . However, Ca 2+ imaging experiments conducted in Ca 2+ -free medium (Fig. 5) and UV photolysis of intracellular caged InsP 3 (Fig. 6) indicate that also metabotropic P2Y receptors contribute significantly to the ATP-evoked responses by releasing Ca 2; from intracellular stores. The action of this signalling cascade is directed primarily to the modulation of electrical cell-tocell communication, as demonstrated by single (Fig. 3, Fig.  6 top) and double (Fig. 7) patch clamp experiments that clearly link ATP-and InsP 3 -mediated responses to reduction of gap-junction conductance.
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In conclusion, alterations of ATP levels around the Deiters' cells within the organ of Corti may cause elevation of [Ca 2+ ] i , both through ATP-gated ion channels and through release from intracellular stores. This, in turn, may cause suppression of intercellular communication during those same conditions that are responsible for the elevation of ATP concentration in cochlear fluids. Activation of this complex purinergic signaling mechanism in response to stressors, such as noise and ischemia, may thus contribute to a protective scheme that is ultimately responsible for uncoupling the 'cochlear amplifier' [3, 20] . Although the exact subtype of receptor involved remains to be established, activation of the P2Y metabotropic pathway can potentially extend the time course of this protective function for the entire duration of the noxious stimuli as P2Y 1 and P2Y 2 receptors do not readily desensitize [1] . 
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